The A/H3N8 canine influenza virus (CIV) emerged from A/H3N8 equine influenza virus (EIV) around the year 2000 through the transfer of a single virus from horses to dogs. We defined and compared the biological properties of EIV and CIV by examining their genetic variation, infection, and growth in different cell cultures, receptor specificity, hemagglutinin (HA) cleavage, and infection and growth in horse and dog tracheal explant cultures. Comparison of sequences of viruses from horses and dogs revealed mutations that may be linked to host adaptation and tropism. We prepared infectious clones of representative EIV and CIV strains that were similar to the consensus sequences of viruses from each host. The rescued viruses, including HA and neuraminidase (NA) double reassortants, exhibited similar degrees of long-term growth in MDCK cells. Different host cells showed various levels of susceptibility to infection, but no differences in infectivity were seen when comparing viruses. All viruses preferred ␣2-3-over ␣2-6-linked sialic acids for infections, and glycan microarray analysis showed that EIV and CIV HA-Fc fusion proteins bound only to ␣2-3-linked sialic acids. Cleavage assays showed that EIV and CIV HA proteins required trypsin for efficient cleavage, and no differences in cleavage efficiency were seen. Inoculation of the viruses into tracheal explants revealed similar levels of infection and replication by each virus in dog trachea, although EIV was more infectious in horse trachea than CIV.
I
nfluenza A viruses are maintained in aquatic birds as intestinal infections, occasionally transfer to and become established as respiratory infections in mammals, including humans, and sometimes spread from one mammal to another (1, 2) . Mammalian hosts that have been commonly seen to maintain avian-derived viruses include swine, horses, humans, mink, seals, and, recently, dogs (2) (3) (4) (5) . Host transfers between different birds, from birds to mammals, or between different mammalian hosts are relatively common but mostly result in single infections or limited outbreaks. On rare occasions, the host-transferred viruses go on to cause sustained epidemics or pandemics in their new hosts. Influenza viruses causing epidemics in new hosts often have mutations that appear to be specific to the new hosts in several gene segments, and in some cases these have been shown to control host adaptation (6) (7) (8) . In many cases, the transferred virus was observed to be a reassortant with segments from a number of different ancestors, or it soon reassorted with another influenza virus infecting that host (9, 10) .
A number of different viral functions have been associated with host adaptation of influenza viruses. Specific sialic acid binding and/or cleavage is often a key factor in host adaptation because sialic acids are primary influenza virus receptors, and mutations in the receptor-interacting proteins, the hemagglutinin (HA) and neuraminidase (NA), often appear upon host transfer. Key traits include HA recognition of ␣2-3-or ␣2-6-linked sialic acids; avian viruses are generally specific for ␣2-3-linked receptors, and human viruses are generally specific for ␣2-6-linked receptors (11) (12) (13) . There is often a coordination of the NA activity and specificity that correlates with HA binding and the sialic acid linkages that are present in the host (14) . Importantly, mutations in other gene segments, including PB2, PA, NP, M, and NS, are often seen (15) (16) (17) (18) . In particular, polymerase subunits PB2 and PA control replication in different host cells and at different temperatures (19) . Some mutations in the M gene segment have been associated with transmission (20) , while NP mutations control the interactions with MxA, a host-derived antiviral molecule (21) . Mutations in the NS1 gene control a variety of host-specific functions and innate immune responses (22, 23) . Despite the identification of these mutations, we lack a complete understanding of the factors that control specific virus host range, particularly in nature, or of the host barriers that regulate the transfer of viruses to new hosts.
In this study, we examined the host tropism associated with the transfer to and continuing replication of the A/H3N8 equine influenza virus (EIV) in dogs to create the phylogenetically distinct lineage of A/H3N8 canine influenza viruses (CIVs) (Fig. 1) (3, (24) (25) (26) . CIV was first identified in Florida in 2004, when it caused an outbreak in greyhounds in a training facility, and it was soon recognized to be closely related to EIV (3) . Infected greyhounds carried the virus to different regions of the United States, and many other breeds of dogs have since been infected (24, 27, 28) . CIV has continued to circulate in some regions of the United States, and for the past several years it appears to have been primarily maintained in several hot spots where there are high-density and high-turnover dog populations, including animal shelters in New York, NY, Philadelphia, PA, Colorado Springs, CO, and Denver, CO (26, 28, 29) . Dogs appear to be a naturally receptive host of influenza virus, because in addition to the equine-origin A/H3N8 virus, an avian-origin A/H3N2 subtype has spread among dogs in Korea and China since 2006 (30, 31) .
Examination of A/H3N8 isolates collected from dogs has shown that all segments contained CIV-specific mutations not seen in equine viruses, or seen only at very low frequencies (26, 28) . However, it is not known how these CIV-specific mutations alter host range and tropism or whether there has been ongoing selection of canine-adaptive mutations during the extended passage in dogs. To determine whether any of the CIV-specific mutations play a role in virus host switching and adaptation, we examined protein sequences of all available CIV sequences deposited in GenBank (NCBI). We also prepared reverse-genetics plas- scored as positive for infection as long as there was a single infected cell, and TCID 50 was calculated using the Reed and Muench method. Standard hemagglutination assays were performed using 0.5% chicken erythrocytes as mentioned above. Virus genome copies were calculated by real-time qRT-PCR targeting the influenza virus M gene segment (36) . First, viral RNA was extracted using a QIAmp viral RNA minikit (Qiagen, Venlo, Netherlands). Next, the viral RNA, two outside primers specific for influenza virus M, and a TaqMan probe were used to set up standard reaction cocktails using the QuantiTect Probe PCR kit (Qiagen) supplemented with ImProm-II reverse transcriptase (Promega, Madison, WI). Samples were exposed to a reverse transcription step and subsequent 40-cycle amplification step in an AB StepOnePlus real-time qRT-PCR machine (Applied Biosciences, Foster City, CA), and genome copies per microliter were calculated based on the threshold cycle (C T ) values of a standard curve generated using the influenza virus M gene plasmid.
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Phylogenetic analysis. A total of 400 representative HA sequences of EIV and CIV sequences were downloaded from GenBank. A minimum sequence length comprising at least the HA1 domain was set, and identical sequences were excluded. The sequences were easily aligned using the MAFFT method available in Geneious (37) , resulting in a total alignment length of 1,710 bp. The phylogenetic relationships among these sequences were then determined using the maximum likelihood (ML) approach available in the PhyML program (38) . This analysis utilized the generalized time-reversible plus (GTRϩ) model of nucleotide substitution and a combination of subtree pruning and regrafting (SPR) and nearest neighbor interchange (NNI) branch swapping. The robustness of individual nodes on the phylogeny was assessed using Shimodaira-Hasegawa-like (SH-like) branch supports.
Virus sequencing. Virus RNA was extracted using a QIAmp viral RNA minikit. The cDNA was synthesized using avian myeloblastosis virus (AMV) reverse transcriptase (Promega) and universal primer Uni12 (5=-AGCAAAAGCAGG-3=). Influenza HA and NA gene segments were amplified by PCR with EIV and CIV gene-specific primers. The PCR products were purified using the E.Z.N.A. Cycle-Pure kit (Omega Bio-Tek, Norcross, GA). Purified DNA was sequenced using an Applied Biosystems 3730xl DNA analyzer (Life Technologies) at the Cornell University Institute of Biotechnology, and full-length genes were assembled using Lasergene software (DNASTAR, Madison, WI).
Virus sequence analysis. Consensus protein sequences of EIV and CIV representing differences in host and time of sampling were generated and compared. In this context, a consensus sequence is used to define the most common amino acid in all available EIVs and CIVs (i.e., epidemiological scale) and not simply those from a single host. All available EIV and CIV sequences in GenBank were used. Sequence alignments were performed using MEGA (Arizona State University, Phoenix, AZ), and Clustal Omega (EMBL-EBI, Cambridge, United Kingdom) was used to find the most common amino acid at each position. Three groups of consensus EIV and CIV protein sequences (HA, NA, M1, NP, NS1, PA, PB1, and PB2) were generated. The first group represented EIV isolates sampled close to the ancestor of the CIVs, starting from 1990 to 2011, the second group represented CIV isolates sampled soon after the emergence in dogs (between 2003 and 2007) , and the third group represented CIV isolates sampled after the virus had been circulating in dogs for at least 8 years (since 2000), from 2008 to 2013. Both EIV and CIV plasmid sets were compared with their respective consensus sequences to ensure that they were good representatives of EIV and CIV.
Virus growth curves. MDCK cells were seeded in 12-well plates. Upon reaching confluence, cells were washed with DMEM and incubated with virus diluted in DMEM containing 0.3% BSA and 1 g/ml of trypsin at a multiplicity of infection (MOI) of 0.0006 based on TCID 50 for 1 h at 37°C. Cells were then washed with and replenished with fresh DMEM containing 0.3% BSA and 1 g/ml of trypsin. Supernatants were harvested from each well every 24 h for 5 days and stored at Ϫ80°C. TCID 50 and genome copies for all time points were determined as described above.
Virus infection of cell lines derived from different hosts. Different host cells were seeded in 48-well plates. Upon reaching confluence, cells were washed and incubated with virus diluted in DMEM containing 0.3% BSA and 0.5 g/ml of trypsin at an MOI of 0.05 based on TCID 50 for 1 h at 37°C. Cells were then washed and replenished with fresh DMEM containing 0.3% BSA and 0.5 g/ml of trypsin. Cells were fixed with 4% PFA for 10 min at 24 h postinfection and stained for NP expression as described above and with 4=,6-diamidino-2-phenylindole (DAPI; Life Technologies) for 5 min following the commercial protocol. Stained cells were visualized by fluorescence microscopy. Infections of different host cells were also quantified by flow cytometry. Briefly, cells were grown in 48-well plates and, upon reaching confluence, inoculated with virus as described above at an MOI of 0.1 based on TCID 50 . Cells were harvested and fixed with 4% PFA for 10 min at 24 and 48 h postinfection. Cells were stained for NP and quantified by flow cytometry as described above, and results were analyzed by FlowJo.
Lectin staining. Cells were grown in 48-well plates, and upon reaching confluence, they were collected and fixed using 4% PFA. Cells were incubated with either FITC-conjugated MAA1 or FITC-conjugated SNA to detect ␣2-3-or ␣2-6-linked sialic acids, respectively. After 1 h of incubation, cells were washed with PBS with 1% BSA. Cells were assayed by flow cytometry as described above, and results were analyzed using FlowJo. In addition to flow cytometry, fluorescence microscopy was also used to look at lectin-stained cells.
Construction and purification of HA-Fc fusion proteins. The EIV and CIV HA ectodomains (the same sequences as in the reverse-genetics plasmids) were fused to human IgG1 Fc at the C terminus, followed by a hexahistidine tag (39, 40) . The baculovirus gp64 secretion peptide was fused to the constructs at the N terminus. The genes were synthesized by GeneScript (Piscataway, NJ) and cloned into pFastBac-1 (Life Technologies) to generate recombinant bacmids by following the commercial protocol. Recombinant baculoviruses were recovered by bacmid transfection into Sf9 insect cells using Cellfectin II (Life Technologies). Viruses were then used to infect suspension High Five cells, and 2 days postinfection, the proteins were purified by binding to a HiTrap ProteinG HP 5-ml column (GE Healthcare Life Sciences, Piscataway, NJ) and eluted with 0.1 M citrate, pH 3.0 (pH neutralization to 7.8 with 1 M Tris, pH 9.0) using an ÄKTA fast protein liquid chromatography (FPLC) system (GE Healthcare Life Sciences). The HA-Fc containing fractions were dialyzed in PBS and concentrated using 30-kDa Amicon Ultra-15 centrifugal filter tubes (EMD Millipore). The proteins were stored at Ϫ80°C in aliquots. Concentration was measured using Beer-Lambert law calculation based on the A 280 reading. Testing virus receptor specificity. CHO cells and CHO cells expressing ␣2-6-linked sialic acids (6H4 cells) were grown in 48-well plates. When confluent, cells were inoculated with viruses as described above at an MOI of 1 based on TCID 50 . After 24 h postinfection, cells were collected and fixed by 4% PFA. Cells were stained for NP and quantified by flow cytometry as described above, and results were analyzed using FlowJo. Purified EIV and CIV HA-Fc proteins were used in glycan binding microarrays. The microarrays were fabricated using epoxidederivatized glass slides, and the high-throughput protein binding screening was carried out as previously described (41, 42) . Briefly, freshly printed glycan microarray slides were blocked by ethanolamine, washed and dried, and then fitted in a multiwell microarray hybridization cassette (ArrayIt, CA) to divide them into subarrays. The subarrays were blocked with ovalbumin (1%, wt/vol) in PBS (pH 7.4) for 1 h at room temperature in a humid chamber with gentle shaking. Subsequently, the diluted HA-Fc samples were added to the subarrays and incubated for 2 h at room temperature with gentle shaking, and lastly, the slides were extensively washed. Fluorescently labeled antibody (Cy3-labeled goat anti-human IgG; Jackson ImmunoResearch Laboratories) was then applied and incubated for 1 h. Following final washes and drying, the developed glycan microarray slides were scanned with a Genepix 4000B microarray scanner (Molecular Devices Corp., Union City, CA). Data analysis was done using Genepix Pro 7.0 analysis software (Molecular Devices Corp., Union City, CA).
HA cleavage assays. HEK293T cells were seeded in 24-well plates coated with poly-D-lysine. Upon reaching 70% confluence, 500 ng of each respective HA plasmid was transfected using Lipofectamine 2000 (Life Technologies) by following the manufacturer's protocol. After 18 h posttransfection, cells were washed with PBS and incubated with trypsin at 3 g/ml for 15 min. Cells were kept at 4°C and surface biotinylated using sulfo-NHS-SS-biotin (Thermo Scientific) at 250 g/ml for 30 min by following the manufacturer's protocol. Excess biotin was quenched using 50 mM glycine for 10 min. Cells were lysed using radioimmunoprecipitation assay (RIPA) buffer (EMD Millipore) with complete protease inhibitor cocktail tablets (Roche, Nutley, NJ) for 10 min. Lysed cells were high-speed centrifuged for 20 min at 4°C. Supernatant was collected and incubated with a 50% suspension of streptavidin agarose beads (Thermo Scientific) for 18 h with rotation at 4°C. Beads were then washed with RIPA buffer and resuspended in 2ϫ Laemmli sample buffer containing 10% beta-mercaptoethanol for Western blotting (43) . HA bands were detected using goat IgG polyclonal anti-H3 HA antibody (BEI Resources, Manassas, VA) followed by rabbit IgG anti-goat antibody conjugated to horseradish peroxidase (Thermo Scientific). Western blot images were taken using a FujiFilm LAS-3000 imaging system. The pixel density of HA bands was measured by ImageJ (National Institutes of Health, Bethesda, MD), and relative cleavage efficiencies were calculated based on the following formula: (HA 1 /HA 0 ϩ HA 1 ) ϫ 100 (43) .
Infection of horse and dog tracheal explants. Tracheal explant cultures were acquired, prepared, maintained, and tested for viability as described previously (44) (45) (46) . Viruses were used to infect explants by inoculating 400 TCID 50 units of each virus directly on the epithelium layer.
Virus growth was assayed by plaque assays in MDCK cells every 24 h as described previously (44) . Explant sections were used for hematoxylin and eosin staining and also for virus antigen NP staining on days 1, 3, and 5 postinfection (44) . Due to the difficulty of obtaining fresh horse trachea from healthy animals, only one experimental replicate was done using the horse tracheal explants.
Statistics. Statistical significance was measured by the Student t test using GraphPad Prism when appropriate. (Fig. 2) . Sequence alignments revealed consensus amino acid mutations in the eight major proteins. Some mutations were seen only between EIV and early CIV sequences, while others appeared only between the early CIV and more recent CIV sequences. HA exhibited the greatest number of mutations, while M1 showed the least. In addition, a phylogenetic analysis of 400 EIV and CIV HA sequences clearly showed that the CIV sequences formed a single monophyletic group distinct from EIV ( Fig. 1) .
RESULTS
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Our analysis revealed substitutions at putative HA antigenic sites (residues 54, 75, 83, 92, 159, and 216), the receptor binding pocket (residues 222 and 223), and sites that may influence HA cleavage (residues 328 and 483) (47) (48) (49) (50) . Although there were no NA mutations in the active site, changes at position 149 may affect sialidase activity because the 150 loop can incorporate sialic acid derivatives to inhibit NA enzymatic activity (51) . Mutations at the N terminus of NP (residues 27 and 52) were located in RNA and PB2 binding domains, and mutations at the C terminus (residues 359, 375, and 498) may influence NP polymerization and binding to host actin (52) . The M1 138 mutation was in a domain that is responsible for polymerization and binding to NP (53) . Mutations in NS1 could potentially change a number of interactions with host proteins, including poly(A)-binding proteins I and II, importin-␣, nucleolin, and translation initiation factors (54) .
Structural insights into the polymerase proteins have revealed functional domains, and our analysis revealed mutations in those regions. For example, mutations in PB2 (residues 374 and 389) were located in the host RNA cap binding domain, C-terminal mutations in PB1 (residues 687 and 754) may affect binding to PB2, and mutations in PA (residues 327, 348, 388, 400, 444, and 675) may alter interactions with PB1 (55) . The mutation at position 27 in PA was located in the endonuclease domain, and with the recent discovery of PA-X, the mutation may affect PA-X-
FIG 4
Immunofluorescence images of EIV, CIV, and reassortant virus infections in different host cells. Viruses were used to inoculate different cells at an MOI of 0.05 in the presence of 0.5 g/ml of trypsin. Anti-NP staining (green) was used to detect virus at 24 h postinfection, and DAPI (blue) was used for nuclear staining. Images were taken at a magnification of ϫ100 as overlays using a fluorescence microscope. The overlays were kept as separate panels for clarity. specific host gene suppression (56) (57) (58) (59) . Additionally, positions 400 in PA and 292 in PB2 may be host determinants and play roles in virus adaptation (60, 61) .
Rescued viruses and virus growth. An EIV sampled close to the ancestral sequence of CIV (A/equine/NY/61191/2003) and a CIV sampled from 9 years after the virus transferred into dogs (A/canine/NY/dog23/2009) were chosen as representatives of these viruses based on comparing their sequences to the consensus, and they were rescued by reverse genetics. Additionally, two reassortant viruses were recovered: EIV with CIV HA and NA and the reciprocal virus, CIV with EIV HA and NA. All viruses reached high infectious titers after minimal passages in MDCK cells and were able to hemagglutinate chicken erythrocytes ( Table 1 ). The HA and NA genes of the virus stocks were sequenced, and there were no mutations determined by comparing the sequences to the reverse-genetics plasmids. Five-day growth curves for the viruses were determined in MDCK cells, and there was no significant difference (P Ͼ 0.05) in yields of infectious particles (Fig. 3A) or RNA copies (Fig. 3B) . Infectious titers peaked for all viruses between 48 and 72 h and then steadily declined. RNA copies reached their peaks at similar time points and then plateaued.
EIV and CIV infections in different host cells. Viruses were used to inoculate cells (MOI ϭ 0.05) from several hosts: MDCK (dog), A72 (dog), NLFK (cat), Mpf (ferret), A549 (human), and EQKD (horse). Cells were stained for virus NP at 24 h postinfection, and visually, the infectivities of the viruses looked similar; however, different host cells exhibited various levels of susceptibility to infection (Fig. 4) . MDCK, A72, and NLFK cells were all heavily infected. Mpf cells were moderately infected, and A549 and EQKD cells were poorly infected. To further analyze infectivity in different host cells, viruses were used to inoculate four types of host cells (two that were permissive to infection, MDCK and A72 cells, and the two that were least permissive to infection, A549 and EQKD cells) (MOI ϭ 0.1), and the percentage of infected cells was quantified by flow cytometry at 24 and 48 h postinfection (Fig. 5A ). There was no significant difference (P Ͼ 0.05) in infectivity between the viruses. At 24 h postinfection, around 40% of MDCK and A72 cells were infected by all viruses. In contrast, about 15% of A549 and EQKD cells stained positive for infection. At 48 h postinfection, the percentage of MDCK and A72 infected cells rose to around 70 to 80%, while the percent increase of infected A549 and EQKD cells was much more modest, around 20% (Fig. 5A) . To ensure that A549 and EQKD cells can be infected by influenza virus, the laboratory-adapted human virus A/Puerto Rico/8/1934 H1N1 (PR8) was used to infect A549 and EQKD cells (MOI ϭ 0.05), and its infectivity was compared to those of EIV and CIV at 24 h postinfection (Fig. 5B) . PR8 infected high proportions of A549 and EQKD cells, in contrast to EIV and CIV.
EIV and CIV receptor specificity. To determine if the difference in infectivity of various host cells was due to virus receptor availability and/or differences, cells were lectin stained and visualized by microscopy and fluorescence was measured by flow cytometry (Fig. 6) . MDCK, A72, A549, and EQKD cells all stained positive for both ␣2-3-and ␣2-6-linked sialic acids, while NLFK and Mpf cells were stained predominately for ␣2-3-linked sialic acids ( Fig. 6A and B) . Overall, there was a higher relative concentration of ␣2-3-linked sialic acids compared to ␣2-6-linked sialic acids in all cell lines (Fig. 6C) . CHO cells expressed only ␣2-3-linked sialic acids, while CHO cells stably transfected with ␣2-6 sialyltransferase (6H4) expressed both ␣2-3-and ␣2-6-linked sialic acids (Fig. 7A ). Viruses were used to inoculate these cells (MOI ϭ 1), and infectivity was assayed by flow cytometry 24 h postinfection. There was no significant difference (P Ͼ 0.05) in infectivity among the viruses, but all viruses showed around a 50% reduction in their ability to infect 6H4 cells compared to CHO cells (Fig. 7B) . To further analyze EIV and CIV receptor specificity, HA-Fc fusion proteins were generated and used to bind different glycans on microarrays. The binding specificities for the EIV and CIV HA-Fc proteins were similar; both bound to ␣2-3-linked sialic acids, and neither bound to any ␣2-6-linked sialic acids in the array (Fig. 7C) .
EIV and CIV HA cleavage efficiency. HA cleavage assays showed that both wild-type proteins and CIV HA mutants (T328I and T483N) were efficiently cleaved by trypsin under the conditions of this trial (Fig. 8A) . There was an extra band detected of around 38 kDa, and this was most likely degraded HA product detected by the polyclonal antibody. CIV HA T483N had a lower percentage of cleavage than did EIV and CIV HA T328I (Fig. 8B) . However, the difference was minor (Ͻ20%), and overall, there was no significant difference (P Ͼ 0.05) in cleavage efficiency among the four proteins when tested for trypsin cleavage. All four HA proteins had minimal cleavage (Ͻ10%) without trypsin.
EIV and CIV infections of dog and horse tracheal explants. Inoculation of dog tracheal explants with EIV, CIV, and the reassortants showed that all of the viruses infected explants to similar levels. Histology showed that canine tracheal explants that were infected with wild-type and reassortant viruses progressively had their epithelium layer thinned out (Fig. 9A) , and this was most noticeable on day 5 compared to the control. Additionally, the number of ciliated cells gradually decreased in infected explants and ciliated cells completely disappeared on day 5 for all viruses, and these changes in the tracheal architecture were due to the presence of virus as confirmed by antigen detection (Fig. 9B) . Virus was detected in the epithelium and did not infect the basal cells to a large degree. Levels of growth for all viruses were similar, reaching maximum titers between 48 and 72 h postinfection (Fig.  9C) . Interestingly, at 24 h postinfection, the wild-type viruses' titers were around 2 logs lower (P Ͻ 0.05) than the reassortant viruses' titers.
Inoculation of horse tracheal explants with the same viruses showed that EIV reached titers several logs higher than those of CIV on each day postinfection. CIV with EIV HA and NA grew better than CIV without EIV HA and NA, although its growth was still poor compared to that of the two EIVs. Conversely, EIV with CIV HA and NA reached lower titers (1-to 2-log difference) than EIV without CIV HA and NA, but it still grew to higher titers than the two CIVs (Fig. 10C) . Histology showed that the epithelium layer of the equine tracheal cultures did not have an obvious decrease in thickness compared to the control, and the number of ciliated cells also was not greatly reduced on day 5 (Fig. 10A) . Indeed, the ciliated cells decreased in number only when virus was detected in the epithelium (Fig. 10B) , and overall virus detection was not as consistent compared to that with the infected dog tracheal explants. CIV was not detected in the horse trachea on days 1, 3, and 5 postinfection, and CIV with EIV HA and NA was not detected on day 1 postinfection (Fig. 10B and C) . Interestingly, EIV with CIV HA and NA was detected only after screening several sections by NP staining on day 5, but growth was observed on each day postinfection.
DISCUSSION
Genetic differences in the EIV and CIV HA showed subtle differences in receptor specificity and cleavage efficiency. There are five "signature" mutations that distinguish CIV HA from EIV HA: N54K, N83S, W222L, I328T, and N483T (Fig. 2) (25, 62) . The W222L mutation is located in the sialic acid receptor binding pocket, and studies have shown that HA mutations in the 220 loop can alter binding to ␣2-3-and ␣2-6-linked sialic acids (35, 49, 63) . There is also evidence that the W222L mutation in CIV H3N2 allowed the virus to infect dogs more efficiently (64) , and so the species jump and subsequent adaptation of EIV H3N8 in dogs may have been mediated by changes in receptor recognition as well. However, no infectivity differences were seen between the viruses (or the reassortants) when those were inoculated into CHO or into 6H4 cells. However, all viruses exhibited a 50% reduction in their ability to infect 6H4 cells relative to CHO cells (Fig. 7B) . This suggests that the viruses did not differ in their recognition of ␣2-3-and ␣2-6-linked sialic acids and in fact may prefer ␣2-3-linked sialic acids for infections. Furthermore, there were no significant differences in infectivity among viruses based on the infection of various host cells, which further suggests minimal differences in receptor specificity (Fig. 4 and 5A) . Furthermore, a recent study showed EIV and CIV bound strongly to ␣2-3-and not ␣2-6-linked sialic acids using sialic acid glycopolymers (62), consistent with our conclusion.
Binding of EIV and CIV HA-Fc proteins to glycan microarrays showed support for the CHO and 6H4 cell infection results. Indeed, the two HA-Fc proteins bound strongly to ␣2-3-linked sialic acids in similar patterns, and neither protein bound to any ␣2-6-linked sialic acids (Fig. 7C) . This preference toward binding to ␣2-3-linked (classical avian receptors) over ␣2-6-linked (classical human receptors) sialic acids suggests a potential human host restriction barrier for both viruses. Interestingly, there were differences in the relative preferences for binding to the various ␣2-3-linked glycans. For example, EIV HA-Fc showed higher binding toNeu5Ac␣3Gal␤3GlcNAc␤3Gal␤4Glc␤R1andNeu5Ac␣3Gal␤4 FIG 7 EIV and CIV receptor specificity. Lectin staining showed that CHO cells expressed only ␣2-3-linked sialic acids, while 6H4 cells expressed both ␣2-3-and ␣2-6-linked sialic acids (A). EIV, CIV, and reassortant viruses were used to inoculate MDCK (control), CHO, and 6H4 cells at an MOI of 1 in the presence of 0.5 g/ml of trypsin. After 24 h postinfection, cells were stained for anti-NP and quantified by flow cytometry (B). EIV and CIV HA-Fc fusion proteins were used to bind ␣2-3-and ␣2-6-linked sialic acids on glycan microarrays (C). Error bars represent standard deviations from three independent experiments.
(Fuc␣3)GlcNAc␤R1, while CIV HA-Fc showed higher binding to Neu5Ac␣3Gal␤4GlcNAc6S␤R1 and Neu5Ac␣3Gal␤R1. These findings suggest that there are subtle differences between the abilities of EIV and CIV HAs to recognize specific sialic acids. Indeed, a recent study revealed the atomic structures of EIV and CIV HA to be nearly identical, and both proteins preferred binding to ␣2-3-over ␣2-6-linked sialic acids, but there were subtle differences: CIV HA bound better to sulfated sialic acids than did EIV HA (65) . Small differences such as these may be important for understanding virus host adaptation and tropism.
Previous research has suggested that the signature HA I328T mutation, which is at the P2 position of the cleavage site, may influence influenza virus HA cleavage (25, 62) . However, we mutated the CIV HA to the EIV background, and it did not influence protein cleavage efficiency with and without trypsin compared to that of the wild type under the conditions of our assay (Fig. 8B) . We also tested whether the signature HA N483T mutation, a glycosylation site that is close to the cleavage site in the HA structure, might influence cleavage by sterically hindering protease activity due to the presence of glycans. Changing the site in CIV to the EIV codon did not dramatically influence HA cleavage efficiency with and without trypsin (Fig. 8B) . Overall, both EIV and CIV HA required trypsin activation, and there were no major differences in efficiency of cleavage between the wild type and the mutant proteins. Different hosts have been shown to express different proteases that can cleave HA (66), and it is therefore possible that there are dog-specific proteases that have selected the I328T and N483T mutations in CIV HA which allow for better replication. Testing dog-specific proteases might provide further insight into any differences in cleavage efficiency.
Other genetic differences between EIV and CIV may play roles in host adaptation and tropism. Although many mutations documented here reside in known functional domains (Fig. 2) , it is still unclear whether the specific mutations actually affect influenza virus host adaptation and replication or contribute to any host-specific functions. Interestingly, most (8 of 9) of the mutations in PB1 occurred between early and more recent CIV sequences (Fig. 2) , whereas in the other proteins most mutations occurred between EIV and the earliest (2003 or 2004) CIV isolates (PB2, PA, and HA), or there was no difference between EIV and the two CIV groups (NP, NA, M1, and NS1) (Fig. 2) . Whether mutations that occurred between early and more recent CIV isolates indicate adaptive changes to its canine host remains to be elucidated. Of the PB2 mutations, one (I292T) has been suggested to facilitate human H1N1 and H3N2 adaptation (60) . Consequently, its possible role in dog adaptation needs to be considered. One mutation in PA (T400A) has also been reported to distinguish between human and avian influenza viruses. Human viruses almost always have a leucine at this site, while avian viruses show either serine or proline (61) , such that it may represent another host range determinant in CIV. In addition, we found that EIV NS1 can be naturally truncated by 11 amino acids at the C terminus, while CIV NS1 is never truncated, except for the first CIV isolate. A previous study showed the 2009 human pandemic H1N1 virus also had an 11-amino-acid truncation which resulted in inefficient suppression of host genes, and extension of NS1 to full length restored its binding to host poly(A)-binding protein II, which increased NS1 host gene suppression activity (67) . As mentioned above, the mutation at the N terminus of PA could affect PA-X host gene suppression. Furthermore, both CIVs (H3N8 and H3N2) have a 20-amino-acid truncation at the C terminus of PA-X, implying that the truncation may be a host determinant in dogs (57) . In fact, a comparison of human full-length and truncated PA-X revealed a difference in gene suppression activity (58) . Taken together, these genetic differences between EIV and CIV may be a consequence of dog-specific host pressures, including those generated by the innate and adaptive immune responses. EIV and CIV did not show infectivity differences in various host cells. Despite the relatively high number of mutations observed in the virus genomes, wild-type and reassortant viruses grew similarly in dog (MDCK) cells, which are generally considered the most susceptible cells for influenza viruses (Fig. 3 ). Other mammalian cells tested showed differences in susceptibility to infection (Fig. 4) . The reassortant viruses appeared similar to the wild types, which was not surprising since the wild-type viruses did not show any infectivity differences. Interestingly, the viruses infected human (A549) and horse (EQKD) cells poorly (Fig. 4 and  5A) . Previous results have indicated there is a host barrier for respiratory infection of CIV in horses (36, 62, 68, 69) , so a low infectivity for CIV in EQKD cells may reflect a host difference that is also seen in kidney cells. However, EIV also infected EQKD cells poorly, so the block in infection may be due to biological differences between horse kidney and airway respiratory cells. The poor infection of CIV in A549 cells was interesting because there have been no reported cases of CIV (or EIV) naturally transmitting to humans, including people who were regularly exposed to CIVinfected dogs (70) ; whether there is a correlation between the poor infectivity in A549 cells and virus transmission to humans is unknown. Interestingly, the highly laboratory-adapted strain PR8 was able to infect both A549 and EQKD cells to high levels compared to those of the horse and dog viruses (Fig. 5B ). This suggests that both cell types were permissive to influenza virus infection and that the limited infection from EIV and CIV was attributable to those specific viruses' biology. The poor infectivity in these cells could not be explained by sialic acid linkages, because both A549 and EQKD cells expressed high levels of both ␣2-3-and ␣2-6-linked sialic acids (Fig. 6) , similar to cells that were permissive to infection. Indeed, the infectivity differences between host cells were likely not due to differences in sialic acid binding, because EIV and CIV HAs bound to sialic acid similarly, as described above. The viruses were able to infect cat (NLFK) and ferret (Mpf) cells, although the infection in ferret cells was poorer (Fig. 4) . Both cells stained positive predominately for ␣2-3-linked sialic acids (Fig. 6 ), so this suggests that the infectivity difference between NLFK and Mpf cells was likely not due to receptor differences. These results were interesting because ferrets are susceptible to influenza and are used as a model for human virus infection and transmission (71) , and there is already evidence that CIV H3N2 can infect cats (72, 73) . Additionally, a previous study showed that EIV replicated in the upper respiratory tract in live ferrets but was restricted in the lungs (74) . There are no extended analysis or reports of CIV H3N8 infections in ferrets, but seroconversion has been observed after inoculating ferrets (25) . Interestingly, there is evidence of limited CIV H3N2 infection and transmission between ferrets in laboratory settings, but the virus could not transmit from dogs to ferrets (75, 76) . Taken together, these findings show that there is potential for EIV and CIV to infect other mammalian hosts and subsequently adapt. EIV and CIV infection of tracheal explants revealed a hostspecific barrier. To simulate the natural environment in which EIV and CIV cause infections, dog and horse tracheal explant cultures were prepared and used for virus infections. Overall, the results showed that the viruses could infect dog trachea, and there were no major differences among the viruses with respect to damaging the epithelium layer or the location of virus antigens in the tracheal explants (Fig. 9) . The reassortant viruses reached a greater titer (around 2 logs) than did the wild types at 24 h postinfection, and this suggests that the protein mismatching altered viral biology (Fig. 9C) . However, the change was not dramatic overall, because growth levels were very similar after 24 h postinfection, reaching peak titer between 48 and 72 h postinfection, similar to growth in MDCK cells (Fig. 3) . In horse trachea all viruses caused some level of infection, but the physical damage of the epithelium was less pronounced than with the infections of the dog trachea, which may be due to the horse trachea being more structurally robust (Fig. 10) . Interestingly, EIV grew much better than CIV, which provides further evidence of a host-specific barrier (Fig.  10C) . Replacing the CIV HA and NA with EIV HA and NA allowed the virus to grow slightly better and stabilized (detected virus on days 3 and 5 postinfection) the virus compared to the wild-type CIV. Furthermore, replacing the EIV HA and NA with CIV HA and NA attenuated virus growth by around 1 to 2 logs across 5 days compared to that of the wild-type EIV. These findings suggest that the difference in growth between EIV and CIV in horse trachea may be attributed to the mutations in the glycoproteins. Overall, the reassortant viruses grew similarly with respect to their wild-type counterparts, and the experiment was carried out in one experimental replicate; thus, further experimentation using horse trachea and reassortant viruses is needed for validation. Also, the apparent attenuation of growth of CIV and EIV with CIV glycoproteins in horse trachea compared to dog trachea may not have been caused by differences in ␣2-3-and ␣2-6-linked sialic acids, as past studies have shown the existence of both in dog and horse tracheal tissues (77, 78) . However, the distributions were shown to be different. While horse trachea epithelial cells stained positive for both sialic acids, dog trachea epithelial cells showed stronger staining for ␣2-3-linked sialic acids. Interestingly, the lamina propria of dog trachea stained positive for both. However, it is important to note that sialic acid distribution, variety, and presence can vary depending on individual animals and their age (79) .
Overall, these results showed that despite 6 years of continuous evolution in dogs that separated the two viruses tested in this study, and the accumulation of mutations in all of the genomic segments such that EIV and CIV are clearly phylogenetically distinct ( Fig. 1) , there appeared to be minimal biological differences between them. We showed that the viruses infected various host cells with no infectivity differences among the viruses, although different host cells exhibited various degrees of permissiveness. We also showed that the viruses preferred ␣2-3-over ␣2-6-linked sialic acid receptors, and there may be subtle differences in receptor recognition. Virus inoculation in tracheal explants revealed limited CIV infectivity in horse trachea, and the restriction factors may reside in the receptor binding proteins. Notably, although EIV has circulated in many parts of the world since it emerged in 1963, CIV has not spread in a sustained fashion beyond North America, where it has been maintained mainly in large, high-turnover animal shelters. Given the scarce phenotypic differences between EIV and CIV, the relatively limited spread of CIV among the domestic dog population may reflect a lack of epidemiological contacts rather than constraints on viral fitness. This suggests that interspecies transmission and adaptation of influenza virus in this case are mediated by subtle factors.
